One of the main factors which limit the performance of earlier organic photovoltaic (OPV) was the narrow optical absorption range when compared with silicon-based devices which limit the number of free changes generation. To overcome this, for example, in the dye sensitized solar cells (DSSCs), the absorption is enhanced by adding second absorber or dye into the device where the energy is transferred by Förster resonant energy transfer (FRET). [1] [2] [3] [4] This process involves dipole-dipole coupling of donor and acceptor by an electric field and strongly relies on the overlapping between donor emission and acceptor absorption spectra as well as the distance between the donor-acceptor separation distances (d). 2, 3 However, due to the large separation distance between the donor and acceptor materials, the FRET process is unfavorable in small molecular weight planar heterojunction (PHJ) OPV devise. One of the possible approaches to overcome the absorption limit in PHJ solar cell is make use of the tandem structure in which individual solar cells are connected together by the intermediate recombination layers. 5, 6 In the tandem structure device, the photogenerated currents in each individual cells should be matched for preventing the charge accumulation inside the device hence reducing the overall short circuit current density output (J sc ). Furthermore, the thicknesses of the recombination layers should be designed for effective charge collection and have minimum blockage of the incident light. 7 To overcome these fabrication challenges, the structure optimization for high efficiency tandem OPV is a very popular research area.
In the current work, we demonstrated that the performance of the bi-layer OPV can be enhanced by placing a second photo-absorber (donor) into the device and forming multijunctions without the tandem structure. Through inserting the tris[4-(2-thienyl)]amine (TTPA) into a boron subphthalocyanine chloride (SubPc)/C 60 bilayer single planar heterojunction solar cell, we improved the J sc value for 47.5% from 3.05 to 4.50 mA/cm 2 , while keeping the V oc unchanged. We also performed photoluminescence (PL) absorption measurements for different combination of the thin films and examined the J-V curves of single junction TTPA/ SubPc device. Based on the results, we conclude that the enhancement of the tri-layer OPV are attributed to (1) the complement of the optical absorption from the TTPA and SubPc layers and (2) two heterojunctions for exciton dissociation and the favorable energy level alignment for efficient charge transfer (CT). The key parameters in designing the structure of the multijunction planar organic solar cells are also discussed.
The schematic diagram of the device structure, the corresponding energy diagrams of the multijunction OPV and the chemical structure of TTPA and SubPc are shown in Fig.  1(a) . For the fabrication and experimental details, see supplementary material. 15 In all the devices, 10 nm of bathocuproine (BCP) is used for the hole blocking and 100 nm of Ag is used as the cathode 8 (detailed description of the device fabrication can be found in the supplementary information). The band structure of the multijucntion device in Fig. 1(a) is similar to the cascade energy structure formed by placing a very thin intermediate layer between the donor and acceptor reported before for the short circuit current improvement. However, the main drawback of the cascade structure is the decreases of the open circuit voltage while the value of the J sc increases. [9] [10] [11] Furthermore, the thin intermediate layer (less than 5 nm) used in the cascade structure also limits the photon absorption and thus the exciton generation in the device. 10, 11 Different from the conventional cascade structure OPV, the TTPA layer applied in the current multijunction device has 20 nm thickness for optical absorption and it also has similar highest occupied molecular orbital (HOMO) level as the SubPc layer. 12 From the J-V curves of the a)
Authors to whom correspondence should be addressed. APPLIED PHYSICS LETTERS 100, 053301 (2012) multijunction and single junction devices in Fig. 1(b) , we noticed the band alignment of the multijucntion device allows the open circuit voltage to remain almost unchanged while the J sc increases from 3.05mA/cm 2 to 4.5mA/cm 2 and resulting in the overall peak-to-correlation energy (PCE) increases from 1.49% to 2.18%. Although this value of efficiency is not the highest value for planar heterojunction OPV, the improvement in J sc without the decay of V oc in the current multijunction device provides a direction for the efficiency improvement without complex tandem structure. In the following section, we will focus on investigating the physical mechanism for the efficiency enhancement. Fig. 2(a) shows the absorbance and the external quantum efficiency (EQE) of multijunction device as well as the reference bilayer SubPc/C 60 device. The increase of the optical absorption of the complex film and the EQE at the range of around 340 nm to 440 nm is attributed to the presence of the TTPA thin film which can absorb high energy photons for exciton generation. It is important to notice that the lower energy photon quantum yield rate from the SubPc is not affected by the presence of the TTPA layer, which suggests the TTPA layer generate extra free carriers. To investigate the dissociation location of the excitons for these extra carriers, we performed room temperature PL measurement on four various samples: bilayer TTPA(20 nm)/SubPc(13 nm), multi-layer [TTPA(2 nm)/SubPc(1.3 nm)] Â 10, single layer SubPc(13 nm), and single layer TTPA (20 nm). In the PL results shown in Fig. 2(b) , the bilayer film with TTPA and SubPc (green curve) shows a significant drop at the TTPA emission peaks when compared with the single TTPA layer (black curve). It indicates the excitons in the TTPA layer were quenched by the presence of the TTPA/SubPc interface. The dropping of the PL peaks is more obvious in multilayer film which consists 10 periods of TTPA(2 nm)/ SubPc(1.3 nm) (total thicknesses of the TTPA and SubPc films are remaining at 20 nm and 13 nm, respectively) where the TTPA peaks are completely vanished. It is worth to mention the exciton transfer from the TTPA layer to the SubPc layer was not prominent in our samples as the peak level of the SubPc does not increase significantly while the TTPA peaks are dropping. It suggests the excitons generate by the TTPA layer are more likely to dissociate at the TTPA/SubPc interface than transferring to the SubPc layer. To further confirm the exciton dissociation happened at the TTPA/SubPc interface, we fabricated a solar cell with only TTPA/SubPc layers as the active region and the corresponding J-V cures are shown in Fig. 3(a) . It can be noticed that the J sc of the device was able to achieve around 1.2mA/cm 2 with a V oc of 0.92 V. By summing up the J sc values from the TTPA/SubPc 2012) device and the SubPc/C 60 device (unfilled triangle) in Fig.  1(b) , the J sc level quantitatively agrees with the multijunction cell. It provides evidence that both interfaces in the multijunction device are contributing to the generation of photocurrent by direct charge transfer in the current OPV structure, although part of the contribution could come from modified electric field distribution. The ineffective energy transfer between the TTPA and SubPc layer could attributed to the weak overlap between their emission and absorption spectra ( Fig. 3(b) ) which limits the probability of FRET in our current device. 2 The schematic diagram for the charge transfer process in the multijunction device is shown in Fig. 3(c) . The higher energy photons will be absorbed by the TTPA layer and the generated excitons will be dissociated at the TTPA/ SubPc interface for free charge generation. The lower energy photons which are transparent to the TTPA layer will be absorbed by the SubPc for charge generation.
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Based on the previous discussion about our experimental findings, we summarized a few key design parameters for the current multijunction OPV. First, the lower bandgap donor material (SubPc in our case) should have reasonable ambipolar carrier transporting properties for efficient charge transfer and phthalocyanine (Pc)-based materials have high potential for such applications. 13, 14 Second, the HOMO levels of the donor materials should be aligned for efficient charge transfer and maintaining the open circuit voltage value. If the HOMO level of higher bandgap donor is larger than the lower bandgap donor, there will be a potential barrier for the hole transport which will further decrease the fill factor and induce S-shape effect in the J-V curves. On the other hand, if the HOMO level of higher bandgap donor is smaller than the low, the V oc of the solar cell will be dropped and thus lowering the efficiency of the device. 11 To conclude, we demonstrated multijunction organic solar cells could improve photon response to the solar spectrum. By introducing the TTPA layer into the active region as an extra donor material, the power conversion efficiency of the devices increased from 1.5% to 2.2% while the open circuit voltage remained constant. Different from the previous findings related to Förster resonant energy transfer, the enhancement is correlated to the charges transfer resulting from extra exciton dissociation. Our finding shows than the efficiency enhancement not only requires boarder optical absorption in the active region layers but also the proper design of band alignment for efficient charge transport throughout the device. 
